BACKGROUND: Protein-Energy Malnutrition (PEM) remains a major deficiency disease
INTRODUCTION
Protein-Energy Malnutrition (PEM) resulting from under-nutrition continues to be a major deficiency disease among children in Africa and other developing countries. 1, 2 The Human
Immunodeficiency Virus/Acquired Immune Deficiency Syndrome (HIV/AIDS) epidemic has aggravated the situation in sub-Saharan Africa, which accounts for 91% of new infections among children worldwide and has an estimated 14.1 million AIDS orphans, 3 by increasing the number of children vulnerable to PEM. Sorghum, a widely cultivated dietary staple in the semi-arid and arid zones of Africa, 4 could be used in protein-rich supplementary foods for children, such as legume fortified sorghum biscuits, to help alleviate PEM.
To help achieve this, we formulated biscuits made from sorghum flour fortified with defatted soy flour (DSF) at varying levels. 5 Substituting sorghum with 50% DSF dramatically improved the protein quality of biscuits. For example, compared to 100% sorghum biscuits the protein content and in vitro protein digestibility of the 50:50 sorghum: DFS biscuits were 168%, and 170% higher. Lysine and reactive lysine contents increased by 221% and 257%
per 100 g protein compared to the 100% sorghum biscuit. However, the most sensitive assessment of protein quality is achieved by clinical studies or animal assays that measure growth or metabolic indicators. 6 Animal models are most commonly used because animals can be controlled more effectively than humans over long periods. 7 Studies on sorghum protein quality using in vivo assays in both humans and animals have shown that the overall effect of cooking sorghum is reduction in digestibility and enlargement of faecal volume. For example, cooked whole grain sorghum fed to pre-school children in
Peru did not support growth, had apparent digestibility of 46% and gave stool weight three times higher than the control casein diet. 8 A reduction in True Digestibility (TD) and increase in Biological Value (BV) of products made from cooked, compared to uncooked sorghum foods was demonstrated using rat study. 9 However, high apparent protein digestibilities of 81% and 74% were achieved when sorghum grain was decorticated and extruded 10 and fermented, 11 respectively.
A problem with rat bioassay of sorghum foods is that it has been found that the young rat is more efficient in digesting sorghum protein than children. For example, with the same samples of sorghum, protein digestibility was 80% by rat bioassay 12 , and as stated above, only 46% in a study with young children. 8 However, the value of rat bioassay for assessing the protein quality of legume fortified foods is demonstrated by the fact this assay showed that heat treatment inactivates antinutrients in soy beans. They were found to have a TD of 51-60% when raw, and 78.3% after cooking 13 , indicating that rat bioassay does show differences in protein digestibility.
Notwithstanding possible drawbacks, the use of a rat model was deemed desirable in order to evaluate the efficacy of the formulated soy fortified sorghum biscuits as protein supplements to alleviate PEM. Therefore, the objective of this study was to determine the protein nutritional quality of soy fortified sorghum biscuits compared to unfortified sorghum biscuits using a rat bioassay.
MATERIALS AND METHODS

Formulation and preparation of biscuits
Two types of sorghum biscuits were used in this study, one made of 100% sorghum and the other with 50:50 sorghum: DSF. The soy fortified sorghum biscuit was formulated to provide 7 g protein in one biscuit of 28 g. Two such biscuits could provide 50% of the required dietary intake of protein for 3 to 10 year olds. The biscuit basic formulation comprised 225 g sorghum flour (decorticated red, non-tannin sorghum (Nola Mabela, Tiger Brands, Potchefstroom, South Africa), 56 g sugar, baking powder, 66 g sunflower oil, 80 ml water and 13.5 g vanilla essence. 5 In the soy fortified biscuits, DSF was substituted for sorghum flour at a 50:50 ratio and water was increased 120 ml to produce a workable dough. Sorghum flour was milled to a particle size of not more than 500 µm using a laboratory hammer mill.
Biscuits were prepared as described. 5 After preparation, biscuits were stored at 10 o C until required.
Diet preparation
The biscuits were pulverized using a Waring Commercial® laboratory blender (New Hartford, CT), set at medium speed for 2 minutes. Three isonitrogenous diets were prepared from the two types of sorghum biscuits and from Animal Nutrition Research Council
Reference Casein (ANRC) (calcium caseinate, Fonterra, New Zealand), to provide 8% crude protein (N x 6.25) in the final diet, dry weight basis. The percentages of ingredients in the diet formulation were calculated based on the composition of the biscuit samples ( Table 1 ).
The casein diet was the reference. The biscuits and casein were incorporated into the basal diet (Table 2) at the expense of corn starch-sucrose mixture (1:1 ratio). The diets also contained 1% vitamin and 5% mineral fortification mixes, both from ADVIT Animal Nutrition (Kempton Park, South Africa). A basal (protein-free) diet was prepared in which the test food was replaced by the corn starch-sucrose mixture in order to estimate the endogenous nitrogen excretion by the rats. The oil content in all four diets was adjusted to 9% using sunflower oil. The formulations of the diets are shown in Table 2 . and 70%.
Animals and housing
Growth study
The animals were fed on standardized laboratory irradiated rat pellets (EPOL, Pretoria, South Africa) for an initial acclimatization period of 7 days during which rats gained a mean weight of 40 g across groups, showing that they were in positive nitrogen balance. The animals were then distributed randomly into 4 groups of 6 rats each, with the mean weight of each groups not differing by more than 5 g. One group of rats was fed the protein-free diet, another, the casein, and the third and fourth groups the 100% sorghum biscuit and 50:50 sorghum: DFS biscuit diets, respectively. Food and sterilized water were provided ad libitum for the entire study period. Records of food intake for each rat were maintained daily. Rats were weighed on alternate days. The growth study lasted 28 days. The Net Protein Ratio (NPR) study lasted days 1 to 10 of the growth study, Protein Efficiency Ratio (PER), days 8 to 13 and the protein digestibility study, days 5 to 9. The rats fed the protein-free diet were euthanized on day 10, after the NPR and protein digestibility studies, and the remaining three groups on day 28 after the growth study. Euthanasia was performed by placing the rats in an inhalation chamber containing a high dose of anaesthetic (isoflurane). NPR and PER were calculated. 16 PER and NPR were computed for 5 days (days 8 to 13 of the study) because the Sprague Dowley rats on the casein diet unexpectedly lost weight after the 13 th day, possibly due to nutrient deficiencies and imbalances. In rat bioassay, it has been found that the effect of imbalances can be considerable in diets that contain sub-optimal concentrations of protein, as with the 8% protein in these diets, and the immediate response is decreased food intake 17 . The problem may also have been exacerbated by the fact that due to the rats having to be rehabilitated, the measurement of PER only commenced when they were 63 days old.
Bender et al. 18 showed that TD of cooked haricot beans with 5, 10 and 20% protein was 80, 74 and 67% , respectively in 23 day old rats, but reduced to 63, 55 and 51% , respectively in 63 day old rats."
Protein digestibility study
The protein digestibility study lasted 5 days, days 5 to 9 of the growth study. During the study, the food consumed was calculated from the food supplied minus the weight of uneaten food daily. Faeces for each rat were collected into polyethylene coated paper bags daily, as was urine which was collected into plastic containers containing 1 ml 0.5 M sulphuric acid.
Faeces and urine were frozen at -20 o C until required.
Protein quality indices
The protein quality indices calculated from the data collected included PER, NPR, Net
Protein Utilization (NPU), TD, BV and apparent protein digestibility, as described by WHO 7 and FAO/WHO.
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Chemical analyses
The total faeces from each rat were dried overnight at 100 o C in an air circulation oven, weighed, pulverized using a laboratory blender and faeces from six rats fed the same diet were pooled. The urine samples from each rat were pooled and freeze dried. Nitrogen in the faeces and urine was determined by Dumas combustion method 46-30 19 and protein content (N x 6.25) calculated. The moisture content of the food and faeces was determined by a one stage air oven procedure, method 44-15A. 19 Faecal and urine nitrogen of rats fed the protein-free diet was used to calculate endogenous nitrogen loss. Six individual values per diet for TD, BV and NPU were computed from nitrogen intake, faecal nitrogen, urinary nitrogen and endogenous faecal and urinary nitrogen. 16 Apparent digestibility, BV and NPU were also computed excluding the endogenous nitrogen.
Protein Digestibility Corrected Amino Acid Score (PDCAAS) determination
The PDCAAS is the official method for predicting protein quality for food based on human amino acid requirements. 6 The parameters considered are essential amino acid profile of the test protein, its digestibility and ability to supply the amino acid in sufficient quantity. Amino acid scores for indispensable amino acids were computed using a reference pattern for humans to establish suitability of the diet for pre-school and school age children.
7
Statistical analysis
Chemical analysis of each sample was repeated three times. Results are presented as mean values and standard deviations. Data was subjected to one-way analysis of variance (ANOVA) using Statistica Software version 8.0 (Statsoft, Tulsa, OK). Means were separated using Fisher's Least Significant Difference test (LSD).
RESULTS AND DISCUSSION
Growth study
After acclimatization for 7 days when the three groups of animals were fed the experimental diets of casein, 100% sorghum, and 50:50 sorghum-soy containing only 8% protein and one group the protein-free diet for 6 days, they all lost weight. The 8% level of protein for the experimental diet was chosen because the 100% sorghum biscuit protein content was lower than 10% therefore to prepare isonitrogenous diets that were comparable, 8% protein was used. The weight loss may be explained by the lower protein content of 8% of the experimental diet to which rats had to adjust, compared to the 18% protein content of the laboratory diet. The laboratory diet was reintroduced for 7 days to rehabilitate them, and the rats gained a mean weight of 41 g, ranging from 37 g to 45 g between groups.. Consequently, when the 28 day growth study was started, the animals on the casein diet had approximately 15 g higher mean weight than the two biscuit diet groups because they lost less weight than the other three groups . When the 7 day rehabilitation diet was introduced, all the rats gained weight but the casein diet fed rats were already heavier than the other three groups. The four groups of animals all lost weight again. On day 10 the protein-free diet fed rats were euthanized. On day 8 the groups fed the casein, 100% sorghum biscuit and 50:50 sorghum:
DFS biscuit diets started gaining weight. However, on day 14 the casein diet fed rats started losing weight again and this trend continued until the last day of the study, so that after 20 days the group had lost 21 g in weight (Table 3 ). This weight loss may have been caused by deficiency of a nutrient with these larger rats or an imbalance of amino acids or toxic proportions of a specific nutrient as stated earlier,. However, the 50:50 sorghum: DFS diet fed rats steadily gained weight until day 28 of the growth study, with a group weight gain of 14 g. Consequently, PER and NPR were calculated using weight gain data from the 5 day period (days 8 to 13 of the growth study) when the casein diet fed rats gained weight, against days 1 to 5 of the study for the protein-free group for NPR.
The food intake of the protein-free diet group was only half of the other three diets and there was large weight loss of 19 g ( Table 3 ). The low food intake was probably related to the absence of protein in the basal diet. Low protein diets result in reduced food intake, and protein deficiency in weanling rats, which causes reduced growth, muscular wasting, emaciation and death if sufficiently severe. 21 In contrast, the rats fed the 50:50 sorghum:
DFS biscuit diet gained weight, approx. 6 g, the same amount as the rats fed the reference casein diet over the 5 day study period. However, the rats fed the 100% sorghum biscuit diet did not gain weight over the 5 days. Thus, during the 5 day period used to compute PER and NPR, the rats fed the casein diet had a mean daily weight gain of 1.25 g, 50:50 sorghum: DFS 1.17 g, 100% sorghum 0.06 g and protein-free -3.80 g. Table 3 shows that the actual PER of 50:50 sorghum: DFS biscuits, approx. 1.5, was the same as the PER of the reference casein. In contrast, the 100% sorghum biscuits had a PER of essentially zero. The Table further shows that during the 20 day period from days 8 to 28 of the growth study, the 50:50 sorghum: DFS biscuit diet fed rats gained 10% weight, as compared to the 100% sorghum biscuit diet fed rats that did not gain weight.
It is probable that the growth of the 50:50 sorghum DFS biscuit diet fed rats was due to much higher lysine content contributed by the soya. It has been shown that increasing the lysine content of a wheat gluten diet resulted in 56% higher growth rate with rats compared to pure gluten diet. 22 Similarly, PERs for maize-soybean-cowpea-peanut composite weaning foods of NPRs of all three diets were quite similar, as a result of the large weight loss in the proteinfree group. In contrast to PER, NPR takes into account the weight loss of the rats on the protein-free diet 16 . The NPR of the 50:50 sorghum: DFS diet was slightly higher than that of the casein diet, probably because of the slightly, but not statistically significantly, lower protein/food intake of the former group.
Digestibility study
The faecal nitrogen digestibility method used in this study is an internationally approved method. 14 It has been used by several researchers working on food products fortified with legumes 23,24,25,26 to establish differences in protein quality by rat bioassay. Some researchers have further used the protein free diet as described 14 to determine endogenous nitrogen excretion 24,25 , as was done in this study, and have obtained results. The faecal bulk for rats fed the 100% sorghum biscuit diet was 50% and 62% higher than for the casein 50:50 sorghum: DFS biscuit diets, respectively (Table 4 ). This can be attributed to the formation of enzyme-resistant starch and unavailable kafirin protein during thermal processing of sorghum, resulting in starch being recovered in the faeces of rats fed a sorghum diet 27 .
Similarly, children fed a sorghum diet were found to have stool volumes 2.5 times higher than the control casein fed group, 8 and in another study stool weights for 10 to 15 year old boys doubled when sorghum replaced rice in their diets.
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Faecal nitrogen, expressed as a percentage of nitrogen intake, for rats fed the 100% sorghum biscuit diet was some 57% and 29% higher than the casein and 50:50 sorghum: DFS biscuit diets, respectively ( Table 4 ). The higher faecal nitrogen content may be accounted for by the unavailable sorghum endosperm proteins, the kafirins, 27 as discussed. Reduced digestibility of cooked sorghum proteins is attributed to disulphide mediated polymerization, making them less susceptible to attack by proteolytic enzymes. 29 In general, most faecal nitrogen is from undigested food, and the rest is from cells shed from intestinal mucosa and residues of digestive juices. 30 The faecal nitrogen loss of rats fed the 50:50 sorghum: DFS biscuit diet was also higher than the loss from rats fed the reference casein diet. This may be due to the unavailable sorghum endosperm protein because of the 50% sorghum in the biscuit. The soy in the diet may also have contributed to nitrogen excretion. Fairweather-Tait et al. 31 comparing faecal nitrogen excretion from rats fed a casein control diet and a bean diet, attributed the higher nitrogen excretion of the bean diet to increased microbial activity in the intestines. In a similar study, the increase was ascribed to enhancement of mucosal cell turnover through consumption of a bean diet.
18 Table 5 shows that apparent protein digestibility and TD of the casein, 100% sorghum biscuit and 50:50 sorghum: DFS biscuit diets were all high (82% and above) with only slight differences between diets. The slightly higher protein digestibility (4%) for the 50:50 sorghum: DFS biscuit diet compared to the 100% sorghum biscuit diet may be due to replacement of the less digestible kafirins with the more digestible soy proteins the globulins.
As mentioned, sorghum substituted with bambara groundnut had higher apparent protein digestibility. 25 These results show that the rat is very efficient in its digestion of sorghum proteins, and is likely to have overestimated the true protein digestibility of 100% sorghum containing biscuits. In vitro protein digestibility showed that sorghum and sorghum-soy biscuits had digestibility of 30% and 81%, respectively. 5 The pepsin digestion method used in the in vitro study agrees with the digestion values found with children for sorghum 32 . Axtell et al.
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similarly reported high protein digestibility (81%) of whole grain sorghum gruel and concluded that the rat was more efficient than children in digesting sorghum protein. High TD of 87.5% was also reported for ugali, a stiff porridge, made from a low polyphenol (nontannin) sorghum variety Dabar in a rat feeding trial. 9 The high protein digestibility of sorghum found in this present study and other rat feeding studies contrast sharply with the finding of low sorghum protein digestibility using human subjects. Protein digestibility of 46% and nitrogen retention of 14% was reported for children fed whole grain sorghum gruels made from high lysine and normal cultivars. 8 It was concluded that sorghum is a poor source of dietary protein for infants and children. Similarly, other workers have found apparent protein digestibilities of only 69% and 66% for sorghum roti and cooked decorticated sorghum diets, respectively consumed by pre-school children, 30 and 54% for a high sorghum diet consumed by teenage boys.
28 Table 5 also shows that the 100% sorghum biscuit diet had a higher BV than the casein and 50:50 sorghum: DFS biscuit diets, 16% and 31% higher, respectively. The 100% sorghum biscuit diet also had a 26% higher NPU than the 50:50 sorghum: DFS biscuit diet. The high BV and NPU for the 100% sorghum biscuit diet may be because microbial fermentation of uncooked starch in the sorghum biscuits may have changed the routes of nitrogen excretion from urine to the faeces. 27 Sorghum starch granules are encapsulated by hydrophobic crosslinked kafirins, 33 which do not absorb adequate water for expansion and probably remained uncooked in the biscuits. In vivo, the resistant starch-kafirin complex is believed to pass through the small intestines undigested but is exposed to microbial degradation in the hind gut where resistant starch is used as substrate for energy and undigested kafirin as nitrogen source. 27 This effect was not as pronounced in the soy fortified biscuit diet (Table 5) , presumably because the level of sorghum was only 50% that in the 100% sorghum diet.
Similarly, it has been found that addition of raw potato starch to diets fed to rats increased BV and reduced digestibility. 34 It was suggested that less nitrogen was secreted in the urine and more in faeces due to fermentation of raw starch in the lower intestine and microflora obtaining nitrogen from urea diffusing from blood to the caecum and colon.
Protein Digestibility Corrected Amino Acid Score Table 6 shows the quantities of the indispensable amino acids in the casein and experimental food products relative to reference patterns for 3 to 10 and 1 to 2 year old children 7 ,
PDCAAS indicates the effectiveness of a food product to meet an individual's protein needs.
The 3 to 10 year old amino acid scoring pattern is recommended for judging protein quality for school children and adolescents. 7 The casein diet had an amino acid pattern that is regarded adequate for both pre-school and school children. The 100% sorghum biscuit diet was highly deficient in the indispensable amino acid lysine with respect to the requirements of pre-school and school age children. As a consequence of this, the PDCAAS of the 100% sorghum biscuit diet were very much lower than the recommended minimum for school and pre-school children, respectively.
7,35
Complementing sorghum with DSF increased the total amount of indispensable amino acids in biscuits including lysine, the first limiting amino acid. 5 At the 50% DSF replacement level, the PDCAAS for sorghum biscuits improved more than 3-fold. In fact, the PDCAAS for the 50:50 sorghum: DFS biscuit diet was 0.87, substantially higher than the minimum score of 0.70 of casein as recommended by Codex Alimentarius Commission. 35 Researchers have conducted studies on other types of supplementary foods and used the PDCAAS index to provide information about the complementation potential of processed plant food protein sources. For instance, the PDCAAS of a rice-bean infant weaning food was found to be increased by 34% compared to beans alone. 36 Acceptable PDCAAS values ranging between 0.72 and 0.82 were reported for extruded cowpea-soy-maize foods for 2 to 5 year olds. 23 Composites of rice, maize, bean and sardine meals for pre-school children had values ranging from 0.77 to 0.90.
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Conclusions
Although the rat is not an ideal model for the determination of the protein quality of sorghum food, it is clear that 50:50 sorghum: DFS biscuit has a protein nutritional quality that is similar to animal protein as measured by the parameter of PER. Hence, such soy fortified sorghum biscuits have the great potential for use as a protein supplementary food to alleviate PEM in young children. Values are means±standard deviations based on data for 6 rats for 5 days (day 4 to 8). Values in a row followed by different letter superscripts are significantly different at P≤0.05 as assessed by Fisher's least significant difference test. nd= not determined. Food and protein intake, and faecal excretion and faecal nitrogen output (dry basis). Urine excretion (as is). 
